Skilled motor behavior emerges from interactions between efferent neural pathways that induce muscle contraction and feedback systems that report and refine movement. Two broad classes of feedback projections modify motor output, one from the periphery and a second that originates within the central nervous system. The mechanisms through which these pathways influence movement remain poorly understood, however. Here we discuss recent studies that delineate spinal circuitry that binds external and internal feedback pathways to forelimb motor behavior. A spinal presynaptic inhibitory circuit regulates the strength of external feedback, promoting limb stability during goal-directed reaching. A distinct excitatory propriospinal circuit conveys copies of motor commands to the cerebellum, establishing an internal feedback loop that rapidly modulates forelimb motor output. The behavioral consequences of manipulating these two circuits reveal distinct controls on motor performance and provide an initial insight into feedback strategies that underlie skilled forelimb movement.
Goal-directed movements have their basis in neural circuits that channel central commands toward the periphery, translating motor plan into action. The fidelity of motor output requires more than just neural commands, however. Feedback pathways play a critical role in shaping movement, reducing discrepancies between intent and outcome. Defining the organization of such feedback pathways, and how they engage motor circuits, represents a central challenge to understanding the neural basis of movement. In this review, we focus on two classes of feedback pathway that impact motor output: one that originates in the periphery and conveys external sensory information, and another that originates within the central nervous system and mediates internal feedback for rapid motor updating (Fig. 1) .
The immediacy of the link between spinal circuitry and muscle contraction has provided an accessible and interpretable experimental system for probing the influence of external and internal feedback pathways on motor output (Baldissera et al. 1981; Jankowska 2001; Pierrot-Deseilligny and Burke 2012; Miri et al. 2013) . Among the wide range of mammalian motor behaviors, the control of skilled forelimb movement has come to occupy a central role in studies to define the logic of motor control (Iwaniuk and Whishaw 2000; Shadmehr and Krakauer 2008; Alstermark and Isa 2012; Azim and Alstermark 2015) . As such, spinal circuits that govern forelimb movement offer an informative substrate for exploring feedback systems and their influence on skilled motor performance.
PROBLEMS CREATED BY DELAYS IN SENSORY FEEDBACK
Goal-directed reaching movements are characterized by a remarkable regularity. When reaching to a target, limb trajectory and velocity profiles are consistent from trial to trial, despite considerable variation in the patterns of joint movement (Morasso 1981) . One potential means of achieving such reproducibility in behavior involves the generation of feed-forward motor commands that take into account the limb's biomechanical response characteristics in driving muscle contraction (Haith and Krakauer 2013 ). Yet motor command pathways are beset by noise and variability (Harris and Wolpert 1998; Jones et al. 2002; Xu-Wilson et al. 2009; Haith and Krakauer 2013) , implying that feedback information is also used to signal error and correct motor output. Proprioception provides one critical source of feedback for motor updating, conveying information about both the state of muscle contraction and the position of the limb in space (Rothwell et al. 1982; Ghez et al. 1995; Gordon et al. 1995) . Nevertheless, proprioceptive pathways, and peripheral feedback circuits more generally, take some time to convey signals to relevant sensory recipient centers. These temporal delays arise in part from the mechanics of muscle contraction and spindle activation and the lag incurred in axonal conduction (Wolpert and Miall 1996) , and they raise two challenges for motor control (Fig. 1) .
The first challenge, documented extensively in the realm of engineering control theory, is that feedback delays destabilize output and results in oscillations and a degradation in performance (Kawato and Gomi 1992; Wolpert and Miall 1996; Ali et al. 1998) . One effective means of avoiding motor instability is to limit the impact of sensory feedback on motor output through reduced feedback gain (Stein and Oguztöreli 1976) . At the neuronal level, an inhibitory gain control system could effectively ensure that delays in the provision of peripheral feedback signals do not destabilize the limb during move-ment ( Fig. 1 ). The question that emerges then is whether the spinal cord contains a neural mechanism dedicated to the adjustment of proprioceptive sensory gain during the execution of movement, and, if so, what is the functional consequence of its removal?
The second challenge is that delays in feedback limit the rapidity with which motor commands can be refined. During reaching, motor output is continually and rapidly modified as the limb extends to its target (Prablanc and Martin 1992; Messier and Kalaska 1999; Scott 2004) , implying the existence of fast feedback pathways that enable online correction of limb movement. One theoretical basis for a rapid source of feedback is the copying of motor commands as they descend to spinal motor centers and the routing of these copies to the cerebellum for prediction of the sensory outcome of movement. In essence, the cerebellum has been argued to use internal copy signals to implement a forward model of the limb ( Fig. 1 ; Wolpert and Miall 1996; Desmurget and Grafton 2000; Shadmehr and Krakauer 2008) . In principle, forward model -based predictions offer advantages for motor control. If an incorrect motor command is generated, motor output can be corrected without waiting for sensory information (Shadmehr et al. 2010) . Moreover, estimates of the current state of limb position can be made more precise, helping to modify movements in ways beyond the capacity of simple sensorimotor reflex arcs (Todorov and Jordan 2002; Scott 2004; Shadmehr and Krakauer 2008; Azim and Alstermark 2015) .
Nevertheless, the neural implementation and behavioral contributions of sensory gain control and internal copy mechanisms have remained a matter of conjecture, in the absence of effective ways of defining their circuitry and evaluating motor performance after manipulating the output of relevant neurons. Traditional experimental methods such as pharmacological silencing and electrical stimulation do not permit selectivity in manipulating spinal circuits for gain control and internal feedback, making it difficult to resolve how their organization confers function. Combining the availability of genetically modified mice with the molecular delineation of neuronal subtype provides a potential strategy for overcoming these limitations, in that they permit the isolation and perturbation of discrete spinal circuits implicated in feedback regulation. Encouragingly, implementation of a detailed threedimensional quantification of reaching kinematics has revealed the highly stereotyped nature of forelimb movements, even in mice (Whishaw 1996; Azim et al. 2014) , providing a sensitive method with which to evaluate the functional consequences of spinal circuit manipulation (Fig. 2) . Below, we describe how the use of high-resolution behavioral assays, combined with molecular-genetic manipulations and electrophysiological and modeling approaches, has permitted the functional dissection of some of the spinal circuits implicated in external and internal feedback control Fink et al. 2014) .
ACHIEVING SMOOTH MOVEMENT THROUGH SENSORY GAIN CONTROL
From first principles, a simple sensorimotor reflex arc subject to high feedback gain has a tendency to oscillate (Stein and Oguztöreli 1976) . Modeling of this sort points to the existence of microcircuits that control the gain of proprioceptive feedback (Fig. 1) . The central terminals of primary somatosensory neurons are studded with GABAergic axoaxonic synapses that represent presynaptic inhibitory contacts (Gray 1962; Conradi 1969; Watson and Bazzaz 2001; Betley et al. 2009) , and this unusual arrangement has been studied most extensively at synapses between proprioceptive sensory axons and spinal motor neurons (Fig. 3A; Schmidt 1971; Rudomin and Schmidt 1999; Rudomin 2009) . A long-recognized feature of presynaptic inhibition is its ability to reduce the excitability of motor neurons without postsynaptic inhibition of the motor neuron itself (Frank and Fuortes 1957; Eccles et al. 1961) . The neurons that mediate presynaptic inhibition (which we term GABApre neurons) exert their influence at sensory terminals by reducing the probability of synaptic vesicle release (Kuno 1964; Fink et al. 2014) . Moreover, theoretical studies lend support to the idea that presynaptic inhibition reduces gain at sensorimotor synapses Stein 1987, 1989) .
How can the behavioral relevance of GABApre neurons best be discerned? Both pre-and postsynaptic inhibitory neurons use GABA as neurotransmitter (Betley et al. 2009 ), so disentangling the impact of these forms of inhibition through receptor pharmacology has not been possible. Nevertheless, these two inhibitory systems can be distinguished by their molecular provenance and postmitotic identity. GABApre neurons are derived from dorsal dI4 interneurons and express the transcription factor Internal and external feedback motor pathways. During limb movement, motor plans are translated into commands by supraspinal and spinal pathways, eliciting motor output in the form of muscle contraction. Movement generates sensory feedback, including proprioceptive feedback from muscles, which conveys information about motor outcome to central sensory recipient centers. Temporal delays in sensory feedback imply a need for a constraint on sensory feedback gain (blue) to maintain stability and a more rapid mechanism of internal copy feedback (green) for online updating and correction of movement. (Adapted from Azim 2014.) Ptf1a, whereas postsynaptic inhibitory (GABApost) neurons, which are derived from V1 and V2b domains, can be defined, respectively, by the transcription factors En1 and Gata2/3 (Betley et al. 2009 ). Both GABApre and GABApost interneurons express the major GABA synthetic enzyme Gad1, whereas only GABApre neurons express a second, more specialized, synthetic enzyme Gad2 ( Fig. 3A ; Hughes et al. 2005; Betley et al. 2009 ). The use of Gad2 as a marker has shown that as they develop, GABApre axons exhibit a stringent specificity for sensory afferent terminals and withdraw from the ventral spinal cord when sensory axons are absent (Betley et al. 2009; Ashrafi et al. 2014) . Thus GABApre neurons represent a molecularly defined inhibitory interneuron population whose anatomical organization suggests a potential role in constraining sensory feedback.
Appreciation of the selectivity of Gad2 expression by GABApre neurons has permitted genetic manipulations that aim to evaluate the contribution of presynaptic inhibition to forelimb movement (Fink et al. 2014) . To resolve whether Gad2-expressing neurons are functional mediators of presynaptic inhibition, transgenic mice bearing Cre recombinase expression under Gad2 control (Gad2-Cre mice) (Taniguchi et al. 2011) were injected with a virus expressing Cre-dependent channelrhodopsin (ChR2) (Fig. 3B) . Photoactivation of ChR2 þ , Gad2 þ neurons elicited the two canonical features of presynaptic inhibition: a depolarization of primary afferent fibers ( primary afferent depolarization, "PAD") ( Fig. 3C ) and a reduction in the probability of sensory transmitter release that reduces the amplitude of postsynaptic sensoryevoked currents (Fig. 3D ). These physiological findings implicate Gad2 þ neurons as mediators of presynaptic inhibition at spinal sensorimotor synapses.
The behavioral contribution of GABApre neurons to forelimb movement has been explored through the use of a conditional virus that expresses a diphtheria toxin receptor construct under Gad2 control, and thus selectively in GABApre neurons in adult cervical spinal cord. Administration of diphtheria toxin led to the near-complete absence of GABApre boutons in contact with sensory terminals, without reducing the number of postsynaptic inhibitory boutons (Fig. 4A) . Strikingly, analysis of goaldirected reaching behavior revealed that GABApre neuronal ablation produces pronounced limb oscillations as the forepaw approaches the target, as well as a severe degradation in overall reach success (Fig. 4B,C) . Moreover, the frequency and decay times of these oscillatory movements were remarkably consistent across reaches and among GABApre-deficient mice (Fig. 4D) . A model of the limb as a damped harmonic oscillator driven by feedback at high gain captures many of the core features of this stereotyped motor instability (Fig. 4E ), supporting the view that a major role of presynaptic inhibition is to regulate the gain of proprioceptive feedback. Thus, for this set of inhibitory interneurons, a convergence of physiology, behavior, and theory reveal that, during goal-directed reach tasks, GABApre neurons serve as a sensory gain control system for limb stability.
These findings suggest cogent reasons for constructing a specialized presynaptic inhibitory circuit, in addition to the more prevalent postsynaptic inhibitory constraints on Mice were trained to reach for a food pellet through an opening in a transparent box. Highspeed, high-resolution video capture and automated tracking of an infrared-reflective marker attached to the right paw were used to reconstruct three-dimensional reaching kinematics. (B) Successful (defined as retrieval of the food pellet) and unsuccessful reaches are highly stereotyped in wild-type mice. Trajectories of successful (hits, green traces) and unsuccessful (misses, brown traces) trials from a representative mouse are shown on the left. Paw velocity as a function of distance to the pellet is shown on the right. The transition from the reach phase to the late grab phase of movement is delineated by the box opening (vertical dashes). Velocity crossings of zero (horizontal dashes) indicate paw direction reversals. (Adapted from Azim et al. 2014.) motor output. One obvious attribute of presynaptic inhibition is its target specificity-this axoaxonic organization provides an anatomical substrate for selective regulation of a single excitatory input to motor neurons, whereas postsynaptic inhibition inevitably exerts a more general impact on the excitability of motor neurons triggered by diverse inputs. In addition, presynaptic inhibition provides a means of scaling the gain of sensory feedback to match the intensity of sensory input. Proprioceptive afferents are known to fire at frequencies spanning three orders of magnitude in the course of a normal motor task (Prochazka 1999) , suggesting the need to achieve a compressed dynamic range that can be read out more effectively by central motor circuits (Laughlin 1994; Brenner et al. 2000) . One crucial basis for this gain scaling strategy is the fact that proprioceptive afferents also provide excitatory drive to GABApre neurons (Eccles et al. 1961 (Eccles et al. , 1962 . Thus enhanced sensory activity will concomitantly increase GABApre-mediated inhibition, providing an effective circuit-based scheme for sensory gain scaling.
The need for presynaptic inhibition to limit the dynamic range of sensory afferent firing also provides a plausible explanation for the selectivity of Gad2 expression in presynaptic inhibitory neurons, in that Gad2 enzymatic activity within inhibitory boutons has been shown to sustain GABA release at high firing rates (Tian et al. 1999) . Together, these anatomical and molecular features would seem to equip GABApre neurons with the ability to rescale sensory input in a dynamic and adaptive manner, an essential constraint given the wide range of sensory firing rates observed in vivo.
Despite these advances, many features of the physiology of spinal presynaptic inhibition still lack molecular or circuit explanations. Work in primates and cats has begun to define the descending circuitry responsible for recruitment of GABApre neurons, but relatively little is known about the physiological triggers for this form of inhibition during limb movement. Studies in monkey have shown that supraspinal systems elicit presynaptic inhibition of cutaneous feedback during voluntary movement of the Motor neuron
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þ contact adjacent VGluT1 þ sensory terminal) and not GABApost neurons (bottom, YFPnegative red puncta). Viral injection marks 80% of GABApre and 1% of GABApost boutons. (C ) After AAV-FLEX-ChR2-YFP injection in lumbar spinal cord of neonatal Gad2-Cre mice, recordings in isolated spinal cord from sensory afferents (dorsal root L4, extracellular) reveal primary afferent depolarization, and (D) recordings from motor neurons (whole cell patch clamp) reveal suppression of monosynaptic sensory-evoked excitatory postsynaptic currents after photostimulation (black, control; blue, 473-nm wavelength (l) photostimulation). At early ages Gad2 is also expressed in GABApost boutons; therefore, all behavioral experiments were performed after viral injection in adult mice, when Gad2 expression is specific for GABApre neurons (B) (see Fink et al. 2014 for details). (Adapted from Betley et al. 2009; Fink et al. 2014.) wrist (Seki et al. 2003) , and human studies suggest that descending pathways recruit presynaptic inhibition of proprioceptive afferents on a muscle-by-muscle basis during voluntary contraction (Hultborn et al. 1987) . Thus supraspinal systems are likely to engage presynaptic inhibition dynamically, even at the level of an individual motor neuron pool, functional features that imply a highly organized pattern of descending control (Rudomin et al. 1986) .
At a local level, presynaptic inhibition shows a finely grained precision in targeting. Anatomical evidence suggests that group Ib but not group Ia sensory boutons in the region of Clarke's column receive axoaxonic contacts (Walmsley et al. 1987) . And even at the level of an individual sensory fiber, presynaptic inhibition is likely to act differentially on single axon collaterals (Lomelí et al. 1998 ). Together, these findings imply a richly endowed Fink et al. 2014.) organization of presynaptic inhibitory interneurons themselves and of the pathways that recruit them. They also suggest a diversity of GABApre neuronal subtypes and their connections, mirroring the functional heterogeneity of the afferent fibers they control.
INTERNAL FEEDBACK FOR RAPID MOTOR UPDATING
Animals can refine forelimb movements with rapidity, despite incumbent delays in sensory feedback. Internally directed copies of motor commands might provide a faster source of feedback information for motor updating ( Fig. 1 ; Wolpert and Miall 1996; Desmurget and Grafton 2000; Shadmehr and Krakauer 2008; Azim and Alstermark 2015) . Yet obtaining experimental evidence that internal feedback does actually influence forelimb movement has been frustratingly hard, in part because of the difficulty of perturbing putative internal copy circuits without simultaneously affecting motor output. Genetic interventions in mice could permit more incisive access to internal copy circuits and their encoded function.
One class of spinal interneurons, cervical propriospinal neurons (PNs), has been implicated in the control of forelimb movement . Lesion studies in cat suggest a role for PNs in goal-directed reaching and in the rapid updating of limb motor output after sudden changes in target location (Alstermark et al. 1981b; Alstermark and Lundberg 1992) . Moreover, recent viral silencing experiments have provided evidence that PNs contribute to both reaching and grasping movements in primates (Kinoshita et al. 2012) .
Two anatomical features implicate PNs as mediators of internal copies of forelimb motor commands. They receive input from supraspinal descending pathways (Illert et al. 1978 , and thus serve as potential effectors of motor commands devoted to forelimb movement. In addition, PNs are characterized by a bifurcated output: One axonal branch projects to the cervical motor neurons that control forelimb muscles (Alstermark et al. 1990 ), while the other projects rostrally to the lateral reticular nucleus (LRN) (Alstermark et al. 1981a ), a major precerebellar input ( Fig. 5A; Brodal 1949 ; Arshavsky et al. 1978a; Alstermark and Ekerot 2013) . The duality in axonal projection and output constitutes an anatomically direct means of conveying internal copies of premotor signals and raises the question of whether PN internal feedback has any relevance to the control of forelimb movement.
PNs are present in mice, as revealed by in vivo electrophysiology and viral tracing studies, and one prominent set of excitatory PNs expresses the transcription factor Chx10, marking them as V2a neurons, one of the cardinal interneuron classes implicated in spinal motor control ( Fig. 5B ; Azim et al. 2014) . The use of a Credependent virus to express diphtheria toxin receptor in Chx10-Cre mice has shown that toxin-mediated ablation of cervical V2a interneurons (Fig. 5C ) elicits a severe reach-specific dysmetria (Fig. 5D) , without major impact on digit abduction or locomotor control. The similarity in behavioral deficit observed after PN disruption in mouse, cat, and monkey Kinoshita et al. 2012; Azim et al. 2014 ) supports the view that PNs have evolved to regulate mammalian reaching behavior.
Nevertheless, elimination of PNs abolishes both motor command and internal copy, and thus does not resolve whether the internal copy pathway alone has any impact on forelimb movement. This issue has been addressed by expressing ChR2 in cervical V2a neurons in Chx10-Cre mice, with the aim of gaining selective access to the ascending PN branch (Fig. 6A) . Under these conditions, focal photostimulation of PN terminals within the LRN activated the internally directed PN -LRN pathway without affecting PN premotor output. Strikingly, selective PN terminal photostimulation produced a severe disruption in reaching kinematics, eliciting a large increase in the incidence of paw direction reversals (Fig. 6A ) without affecting digit movements. The selectivity of these behavioral effects suggests that the PN internal copy pathway is dedicated to the modulation of reaching.
These findings have provided functional evidence that imposed activation of a spinal internal copy pathway perturbs the fidelity of forelimb motor output. Moreover, in vivo recordings revealed that activation of the PN -LRN pathway excites forelimb motor neurons in as little as 4 -5 msec (Fig. 6B ). These short latency motor responses are substantially diminished by severing LRN projections to the cerebellum (Fig. 6B) , implicating a fast cerebellar -motor loop in modulating forelimb motor neuron activity (Fig. 6C) . Viewed in the context of reaching movements that typically last hundreds of milliseconds, the rapidity of these regulatory actions suggests that the PN -LRN circuit can adjust motor output continuously during an individual reach.
To date, PN circuit manipulations have provided functional support for the idea that internal copy pathways directed to the cerebellum contribute to forelimb motor refinement (Alstermark and Lundberg 1992; Alstermark and Isa 2012; Azim et al. 2014 ). There are, nevertheless, many unresolved issues that impede the understanding of internal copy pathways of use in motor control. One concerns the organization of spinal circuits dedicated to discrete elements of limb movement. LRN-projecting V2a interneurons are restricted to the cervical and upper thoracic spinal cord and absent from more caudal segments , despite the presence of other classes of neurons in lumbar cord that project to the LRN (Arshavsky et al. 1978a; Ekerot 1990 ). These observations indicate that the molecular rules of neural circuit organization applicable to the fore-and hindlimb may differ. The concept of stereotypic motor circuits with repeated architecture across spinal segments may therefore be an oversimplification.
From a behavioral perspective, the disruption in reaching upon elimination of cervical V2a interneurons is selective, in that locomotor and digit extension appear unaffected. This selectivity in behavioral perturbation supports the view that forelimb movement is modular in design and that this modularity emerges at least in part from the differential recruitment of discrete spinal interneuron circuits during distinct behaviors (Bizzi et al. 2008; Alstermark and Isa 2012) . Consistent with this notion, genetic inactivation of another set of excitatory premotor interneurons, dI3 interneurons, in mice impacts distal grasp performance (Bui et al. 2013 ). And as discussed above, the loss of cervical GABApre neurons produces limb oscillations and degrades forelimb movement in a manner quite distinct from the consequences of V2a or dI3 interneuron disruption (Figs. 4C,D, 5D ; Azim et al. 2014; Fink et al. 2014 ). Moreover, the modularity of PN circuit organization appears to be malleable since silencing PNs in primates affects both reaching and grasping movements (Kinoshita et al. 2012) . Evolutionary modifications in internal copy circuit connectivity and function may therefore underlie aspects of enhanced manual dexterity (Isa et al. 2007) .
How does activation of the PN -LRN pathway elicit a rapid modulation of motor neuron activity? Anatomically, the most credible cerebellar feedback loop involves collateral projections from LRN neurons to deep cerebellar nuclei, which in turn excite reticulospinal projections to motor neurons (Carpenter and Nova 1960; Matsushita and Ikeda 1976; Schultz et al. 1979; Wu et al. 1999; Alstermark and Ogawa 2004; Soteropoulos and Baker 2008 )-in effect a feedback loop that excites motor neurons three synapses downstream from LRN activation (Fig. 6C) . The fact that reticulospinal neurons can activate forelimb motor neurons within 1 msec supports the plausibility of such a feedback pathway . One potential advantage of a subcortical positive-feedback loop is that short latency effects could contribute to motor stability, as has been suggested for oculomotor control (Lisberger 2009 ). This does not exclude the possibility that longerlatency or parallel cerebellar -motor loops supplement the most rapid responses and contribute to a more refined modulation of movement (Fig. 6C) . The red nucleus receives direct input from the interposed deep cerebellar nucleus and contains rubrospinal projection neurons that have been implicated in the control of distal forelimb motor neuron pools (Fujito and Aoki 1995) . Additionally, a polysynaptic pathway from the dentate deep cerebellar nucleus to the ventral anterior and ventral lateral thalamic nuclei provides inputs to posterior parietal and motor cortical regions thought to integrate feedback, prediction, and reward signals for the flexible updating of movements ( Fig. 6C ; Andersen et al. 1997; Scott 2004; Shadmehr and Krakauer 2008; Pruszynski et al. 2011) . The potential diversity of PN feedback pathways emphasizes the need Azim et al. 2014.) for selective circuit manipulations when resolving the grain of internal feedback control.
Little is known about the precise structure of copy information conveyed by the PN -LRN pathway, or whether cerebellar circuits use these signals to implement a forward model and predict movement outcome. The LRNcerebellar system has been speculated to have diverse roles, ranging from relay of spinal pattern generator activity during rhythmic movement (Arshavsky et al. 1978a) to clock-like representation of time (Xu et al. 2013 ) and the integration of postural and limb motor signals (Alstermark and Ekerot 2013) . Resolving the nature of copy signals conveyed by the PN -LRN circuit and how they reflect motor commands should help to pinpoint aspects of feedback relevant for updating forelimb motor acts. Such insight could provide new inroads into cerebellar cortical circuits and their putative contributions to forward model implementation (Desmurget and Grafton 2000; Shadmehr and Krakauer 2008; Bastian 2011) .
Finally, a clearer understanding of internal copy pathways in motor control may help to clarify potential nonmotor contributions to cognition and neuropsychiatric disorders (Ito 2008; Strick et al. 2009; Bastian 2011) . Internal feedback circuits enabling predictive sensory cancellation during self-initiated behaviors could conceivably be disrupted in patients with schizophrenia (Ford and Mathalon 2012; Shergill et al. 2014) . The recent identification in mice of an internal copy pathway involved in inhibiting auditory cortical neurons during self-generated movement (Schneider et al. 2014) provides an experimentally tractable circuit of potential relevance to models of schizophrenia. Thus PNs likely represent an exemplar of other internal copy pathways, the study of which may reveal anatomical and computational features relevant to circuits in motor and sensory systems (Poulet and Hedwig 2007; Azim and Alstermark 2015) .
MERGING INTERNAL AND EXTERNAL FEEDBACK
How might presynaptic gain control and internal copy feedback be combined into a more coherent understanding of forelimb motor control? Admittedly, our findings have merely scratched the surface of the ways in which these pathways contribute to forelimb movement. A more complete view of the interaction between external and internal feedback pathways may derive from theoretical considerations of motor circuitry, viewed through the lens of optimal feedback control theory. This scheme describes a formal relationship between motor command, feedback, and cost and provides an explanation of how movement is continually updated and optimized for the task at hand (Todorov and Jordan 2002; Scott 2004) . Two salient features of this theory are of particular relevance to PN internal copy and presynaptic inhibitory circuits.
A central proposition of optimal feedback control is that the motor system generates online estimates of the current state of the limb, so as to implement appropriate corrections in command and trajectory (Scott 2004) . In this framework, estimates of limb state benefit from a diversity of feedback signals-the more feedback information, the more precise the estimate. Indeed, the accuracy of subjects' proprioceptive assessment of limb location is improved when movements are self-initiated, in contrast to conditions when the limb is moved passively and no commands or copies are conveyed (Fuentes and Bastian 2010; Bhanpuri et al. 2013) . These findings are consistent with the idea that internal copy feedback is continuously integrated with delayed sensory information to generate more accurate estimates of the current state of the limb. An extension of this notion is that these estimates will benefit from diverse internal copy pathways.
In the spinal cord, the proposition that internal copies of limb motor signals exist in a variety of anatomical arrangements has received some experimental support. The ventral spinocerebellar tract has long been thought to convey premotor copy information directly to cerebellar circuits (Lundberg 1971; Arshavsky et al. 1978b; Jankowska and Hammar 2013) . Moreover, recent studies in mice have revealed several genetically defined excitatory and inhibitory spinal pathways that convey copies of forelimb motor signals to the LRN (Pivetta et al. 2014) , providing further evidence that many spinal input systems converge on LRN neurons (Künzle 1973; Clendenin et al. 1974; Ekerot 1990; Alstermark and Lundberg 1992; Alstermark and Ekerot 2013) . The repertoire of mammalian forelimb movements is vast, and thus it is not altogether surprising that the diversity of internal copy circuits and the motor behaviors they regulate might be comparably complex.
A second principle of optimal feedback control is that the motor system updates movement by modulating the level of sensory feedback gain. After perturbation of the limb, forelimb movement corrections occur well before the onset of voluntary reaction. Yet in humans, corrective adjustments that occur within 50 -100 msec account for the complexities of limb dynamics and show a biomechanical sophistication beyond the capabilities of simple reflex arcs (Todorov and Jordan 2002; Scott 2004; Pruszynski et al. 2011) . Optimal feedback control posits that motor updating is achieved by adjusting dynamically the level of sensory feedback gain and that adjustment occurs throughout the course of movement, permitting high gain at moments beneficial to behavior (Scott 2004; Franklin and Wolpert 2011) . In this way, movement can be optimized for task performance by accounting for the changing state of the limb and its environmental context. Indeed, there is substantial experimental evidence that the gain of sensory feedback changes over the course of movement to account for altered conditions-such as a displacement of hand or target location (Franklin and Wolpert 2008; Dimitriou et al. 2012; Crevecoeur and Scott 2013) . Neurons in primary motor cortex that integrate feedback to drive movement corrections provide one potential instance of a circuit in which dynamic gain regulation can be translated into appropriate motor commands (Pruszynski et al. 2011) .
Presynaptic inhibitory neurons, by virtue of their axoaxonic connections with sensory neurons, have the capac-ity to modulate specific afferent channels and thus seem well suited for selective and flexible control of feedback gain. Targeted elimination of all presynaptic inhibition in the cervical spinal cord has a profound impact on limb stability (Fink et al. 2014 ), but discrete subtypes dedicated to modulating distinct afferent pathways with more specialized functions surely exist within this broad population. The selectivity of sensory afferent targeting could permit behaviorally relevant feedback gains in supraspinal centers to remain high, while reducing gains in the spinal cord to maintain local stability (Scott and Crevecoeur 2014) . Thus, defining the subtype diversity inherent in presynaptic inhibitory gain control could help to clarify the neural implementation of feedback control theory.
CONCLUSION
Decades of research in primates and cats have identified plausible neural substrates for external and internal feedback pathways and have proposed their influence on movement. Recent advances in the genetic manipulation of circuits in mice hope to build on this foundation, with the goal of linking neuron and circuit to behavior with ever greater precision. The two circuits discussed here illustrate some of the initial insights that can be obtained about the contributions of gain control and internal copy pathways to skilled forelimb movement. The grain of organization of these neural mechanisms, however, is surely far finer than the current state of experimental manipulation. One major challenge for the future will therefore be to obtain greater neuronal subtype resolution in the dissection of motor circuitry. Yet as the number of isolated neural elements and their identified behavioral functions multiply, it remains equally important to design experiments that test and refine theoretical descriptions of motor control and its encoded behaviors.
These thoughts are not entirely new. The French Enlightenment philosopher Denis Diderot wrote, "We are all instruments endowed with feeling and memory. Our senses are so many strings that are struck by surrounding objects and that also frequently strike themselves." Some 250 years later these words still hold relevance in attempts to understand the neural basis of motor behavior. Sensory information is intertwined with behavioral output and thus the comprehension of one is futile without an appreciation of the other. Diderot's words also emphasize a more subtle point-feedback can be triggered by both the environment and the individual. Defining how the brain orchestrates behavior inevitably requires an understanding of the influence of both external and internal sources of feedback information.
